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Introduction {#cssc201701757-sec-0001}
============

The development of devices for the direct conversion of solar energy into fuels is attracting much attention as a prominent solution for sustainable energy storage and supply.[1](#cssc201701757-bib-0001){ref-type="ref"}, [2](#cssc201701757-bib-0002){ref-type="ref"} Of particular interest is light‐driven "splitting" of water into hydrogen and oxygen by using efficient catalysts.[3](#cssc201701757-bib-0003){ref-type="ref"}, [4](#cssc201701757-bib-0004){ref-type="ref"} Regarding the generation of hydrogen from protons and electrons, platinum is still the most efficient catalyst because it operates at high rates and very low overpotential.[5](#cssc201701757-bib-0005){ref-type="ref"} However, the high cost and low abundance of this noble metal make application of Pt‐based systems unattractive on the large scale. However, nature provides superb examples of hydrogen‐evolving catalysts based on non‐noble metals. Hydrogenases, metalloenzymes that utilize iron, diiron or iron--nickel as metallic components, are able to perform reversible proton reduction at ambient temperature and pressure with activities, efficiencies, and overpotentials that are comparable to platinum.[6](#cssc201701757-bib-0006){ref-type="ref"}, [7](#cssc201701757-bib-0007){ref-type="ref"}, [8](#cssc201701757-bib-0008){ref-type="ref"}, [9](#cssc201701757-bib-0009){ref-type="ref"}, [10](#cssc201701757-bib-0010){ref-type="ref"} It is thus not surprising that chemists take inspiration from nature to mimic the active site of these metalloenzymes to develop new classes of proton reduction catalysts.[11](#cssc201701757-bib-0011){ref-type="ref"}, [12](#cssc201701757-bib-0012){ref-type="ref"}, [13](#cssc201701757-bib-0013){ref-type="ref"}, [14](#cssc201701757-bib-0014){ref-type="ref"}, [15](#cssc201701757-bib-0015){ref-type="ref"}, [16](#cssc201701757-bib-0016){ref-type="ref"}, [17](#cssc201701757-bib-0017){ref-type="ref"}, [18](#cssc201701757-bib-0018){ref-type="ref"}, [19](#cssc201701757-bib-0019){ref-type="ref"}, [20](#cssc201701757-bib-0020){ref-type="ref"}, [21](#cssc201701757-bib-0021){ref-type="ref"}, [22](#cssc201701757-bib-0022){ref-type="ref"}, [23](#cssc201701757-bib-0023){ref-type="ref"}, [24](#cssc201701757-bib-0024){ref-type="ref"}, [25](#cssc201701757-bib-0025){ref-type="ref"}, [26](#cssc201701757-bib-0026){ref-type="ref"}, [27](#cssc201701757-bib-0027){ref-type="ref"} Although several hundreds of hydrogenase model systems have been reported to date, most have been studied as homogeneous catalysts in organic solvents.[28](#cssc201701757-bib-0028){ref-type="ref"}, [29](#cssc201701757-bib-0029){ref-type="ref"} Strategies to afford robust immobilization on conductive electrode surfaces, which are key for the development of devices, are relatively limited. The potential and advantages of immobilizing molecular catalysts have already been illustrated for cobalt‐[30](#cssc201701757-bib-0030){ref-type="ref"}, [31](#cssc201701757-bib-0031){ref-type="ref"}, [32](#cssc201701757-bib-0032){ref-type="ref"}, [33](#cssc201701757-bib-0033){ref-type="ref"}, [34](#cssc201701757-bib-0034){ref-type="ref"}, [35](#cssc201701757-bib-0035){ref-type="ref"}, [36](#cssc201701757-bib-0036){ref-type="ref"}, [37](#cssc201701757-bib-0037){ref-type="ref"}, [38](#cssc201701757-bib-0038){ref-type="ref"}, [39](#cssc201701757-bib-0039){ref-type="ref"}, [40](#cssc201701757-bib-0040){ref-type="ref"} and nickel‐based catalysts,[41](#cssc201701757-bib-0041){ref-type="ref"}, [42](#cssc201701757-bib-0042){ref-type="ref"}, [43](#cssc201701757-bib-0043){ref-type="ref"}, [44](#cssc201701757-bib-0044){ref-type="ref"} which have been anchored onto various materials through their organic ligand structure.[45](#cssc201701757-bib-0045){ref-type="ref"} Heterogenization of molecular diiron hydrogenase models onto supporting matrices, including metal--organic frameworks,[46](#cssc201701757-bib-0046){ref-type="ref"} molecular sieves,[47](#cssc201701757-bib-0047){ref-type="ref"} hydrogels,[48](#cssc201701757-bib-0048){ref-type="ref"} or polymers,[49](#cssc201701757-bib-0049){ref-type="ref"} has been shown to be beneficial for the activity and stability of the catalytic centers.

Preparation of electrodes decorated with hydrogenase model complexes has been reported, although hydrogen evolution studies with these modified electrodes have met with limited success.[50](#cssc201701757-bib-0050){ref-type="ref"}, [51](#cssc201701757-bib-0051){ref-type="ref"} In 2005, Vijaikanth et al. reported the immobilization of a succinimide ester‐appended hydrogenase functional mimic that was attached onto amine‐ or aminophenyl‐functionalized glassy carbon electrodes.[52](#cssc201701757-bib-0052){ref-type="ref"} The electrode surfaces were exhaustively characterized by voltammetric measurements in organic solvents but featureless voltammograms were obtained in the presence of acid. In 2007, Darensbourg and co‐workers reported a similar system based on a propanedithiolate bridged diiron complex featuring a carboxylic acid moiety for grafting onto an aniline‐functionalized, highly ordered pyrolytic graphite electrode.[53](#cssc201701757-bib-0053){ref-type="ref"} Although the immobilization was successful, the reductive electrochemical response did not persist over repeated scans, the reason being the irreversible reduction of the complex employed. Artero and co‐workers reported a diiron complex containing a modified propanedithiolate bridge featuring a succinimide ester anchored onto amine‐functionalized carbon and gold electrodes.[54](#cssc201701757-bib-0054){ref-type="ref"} No hydrogen evolution was observed from these electrodes owing to deactivation of the iron catalyst in the presence of strong acids. However, the stability of the amide bond under the applied highly reductive and acidic conditions was demonstrated by immobilization of ferrocene moieties by the same strategy. In 2016, a NiO‐modified electrode functionalized with a diiron catalyst was shown to evolve hydrogen in a photocatalytic fashion.[51](#cssc201701757-bib-0051){ref-type="ref"} In recent years, diiron model complexes featuring benzenedithiolate bridges have become increasingly popular as they impart interesting tunable electronic properties to the hydrogenase models.[11](#cssc201701757-bib-0011){ref-type="ref"}, [23](#cssc201701757-bib-0023){ref-type="ref"}, [27](#cssc201701757-bib-0027){ref-type="ref"}, [55](#cssc201701757-bib-0055){ref-type="ref"}, [56](#cssc201701757-bib-0056){ref-type="ref"} In particular, these complexes display a mild two‐electron reduction potential that is also electrochemically fully reversible, which is a key aspect for catalyst stability. The proton reduction mechanism and thus the catalytic reduction potential can be varied by utilizing acids of different strength. Most importantly, proton reduction catalysis in an acidic aqueous environment occurs already at the first reduction wave for these species.[22](#cssc201701757-bib-0022){ref-type="ref"}, [57](#cssc201701757-bib-0057){ref-type="ref"}, [58](#cssc201701757-bib-0058){ref-type="ref"} For these reasons, we envisioned that immobilization of a diiron benzenedithiolate proton reduction catalyst that offers reversible electrochemical reduction behavior at mild potentials is a valuable approach for the development of electrodes decorated with molecular catalysts able to evolve hydrogen from an aqueous environment. We herein describe the preparation and electrochemical characterization of the molecular catalyst **7** (bis‐ester derivative) and **8** (bis‐carboxylic acid derivative), and its immobilization onto conductive fluorine‐doped tin oxide (FTO) electrodes and FTO nanocrystal‐modified electrodes and we report electrodes decorated with synthetic molecular diiron hydrogenase models that evolve dihydrogen gas in an aqueous pH 3.5 sulfate buffer solution, at about 500 mV overpotential, with current densities of 1.6 mA cm^−2^ and Faradaic efficiencies close to unity, as depicted in Figure [1](#cssc201701757-fig-0001){ref-type="fig"}. Hydrogen formation was confirmed and quantified by GC analysis. Furthermore, comparison of the catalytic performance of the molecular system in organic solvents to the immobilized catalyst in aqueous media reveals that the immobilized catalyst operates at similar rates yet at about 160 mV lower operational overpotential. These results highlight the importance of further development of the immobilization of diiron proton reduction catalysts and the study of their performance in aqueous environments.

![Schematic representation of the glass‐coated FTO electrodes modified with FTO nanocrystals, decorated with molecular catalyst **8**. The electrodes display full competence for hydrogen evolution in a pH 3.5 sulfate buffer solution at 500 mV overpotential, reaching current densities up to 1.6 mA cm^−2^ and Faradaic efficiency close to unity.](CSSC-11-209-g001){#cssc201701757-fig-0001}

Results and Discussion {#cssc201701757-sec-0002}
======================

The benzenedithiolate bridge allows for synthetic modifications that enable introduction of targeted functional groups to be used for immobilization of the complex on surfaces. Carboxylic acids, widely used functional groups for immobilization on metal oxide materials, provide an effective strategy to decorate electrodes with molecular catalysts. However, monocarboxylic acids may bind too weakly to metal oxides, especially at basic pH values. Therefore, a suitable linker featuring a chelating bis‐carboxylic acid moiety, anticipated to bind more strongly to metal oxides, was installed on the benzenedithiolate bridge to obtain the functional diiron complex **8**. The electrode material of choice for this investigation was commercially available glass‐coated FTO, as this material offers a conductive metal oxide surface with a wide electrochemical stability range, even in aqueous environments.[59](#cssc201701757-bib-0059){ref-type="ref"} A drawback of this type of material is the relatively small surface area as a result of the intrinsic flat profile of the exposed outer layer. To overcome this limitation, FTO nanocrystals were prepared according to a modified literature procedure[60](#cssc201701757-bib-0060){ref-type="ref"} and, for the first time, deposited onto the commercially available FTO electrodes by spin‐coating, to obtain high surface area electrodes of the same material. Herein, the preparation and detailed studies of the diester molecular catalyst in homogeneous solution, as well as its bis‐carboxylic acid analog **8** are presented. Subsequently, immobilization of **8** onto (nanocrystal‐modified) FTO electrodes and their characterization are described. Finally, the competence of the prepared electrodes for catalytic proton reduction in acidic aqueous media is discussed.

Synthesis and characterization of complexes {#cssc201701757-sec-0003}
-------------------------------------------

Scheme [1](#cssc201701757-fig-5001){ref-type="fig"} shows the synthetic route for the preparation of the desired diiron complex **8** from synthon **4**. Complex **4** was isolated by Ott and co‐workers as a byproduct of the synthesis of the dicarboxylic acid derivative \[Fe~2~(dcbdt)(CO)~6~\] (2,6‐dicarboxylic‐acid‐1,2‐benzodithiolate).[46](#cssc201701757-bib-0046){ref-type="ref"}, [61](#cssc201701757-bib-0061){ref-type="ref"} To date, neither detailed synthesis nor full characterization of **4** have been reported to our knowledge. We therefore include herein a convenient and scalable synthetic route, starting with the nucleophilic aromatic substitution of 1,2‐dichlorobenzene by using an isopropylthiolate salt to cleanly and quantitatively afford diisopropylbenzene thioester. The reaction time of 5 days at 90 °C ensures quantitative disubstitution, avoiding inconvenient chromatography or vacuum distillation steps. Selective mono‐*ortho*‐lithiation with *n*‐butyllithium and subsequent quenching of the lithio derivative with CO~2~ yielded the carboxylic acid derivative **2**. Deprotection of both thioether groups was achieved by using sodium naphthalenide and subsequent addition of concentrated HCl to the crude reaction mixture gave access to benzenedithiol monocarboxylic acid **3**. Finally, complex **4** was prepared in 39 % yield from an equimolar reaction of the iron precursor Fe~3~(CO)~12~ and **3**. Intermediate **5** was isolated in quantitative yield from the HATU‐mediated coupling reaction of dimethyl iminodiacetate and *N*‐Boc protected β‐alanine (HATU=1‐\[bis(dimethylamino)methylene\]‐1 *H*‐1,2,3‐triazolo\[4,5‐*b*\]pyridinium 3‐oxide hexafluorophosphate, Boc=*tert*‐butyloxycarbonyl). The Boc protecting group was easily removed by reaction with a 20 vol % solution of trifluoroacetic acid in dichloromethane to provide **6**. Linker **6** was used directly for HATU‐assisted coupling to diiron compound **4**. This coupling reaction was performed in THF/MeCN at room temperature in the presence of 5 equivalents of *N*,*N*‐diisopropylethylamine (DIPEA). The reaction was finished after 30 min (monitored by thin‐layer chromatography) and work‐up afforded compound **7** in 83 % yield. Methyl ester deprotection employing common saponification methods proved to be problematic as decomposition of the diiron core was observed, likely as a result of irreversible binding of the generated carboxylates to the iron centers. The ester hydrolysis was successfully achieved by treating **7** with an excess of the very mild deprotecting agent trimethyltin hydroxide (Me~3~SnOH), affording the desired complex **8** in 75 % yield.[62](#cssc201701757-bib-0062){ref-type="ref"}

![Synthetic route for the preparation of complexes **7** and **8** from synthon **4**, Fe~2~(mcbdt)(CO)~6~, and linker **6**.](CSSC-11-209-g010){#cssc201701757-fig-5001}

Figure [2](#cssc201701757-fig-0002){ref-type="fig"} shows the solid‐state structure of **8** obtained by single‐crystal X‐ray diffraction, the crystals for which were grown by layering a THF solution of **8** with hexanes at 4 °C. The complex displays the typical butterfly configuration with each iron atom in a distorted octahedral geometry. Although the linker extends towards the diiron core, coordination of the carboxylic acids to the metal centers is not observed in the solid state. The relevant distances and angles are in agreement with literature values for similar hexacarbonyl diiron complexes.[56](#cssc201701757-bib-0056){ref-type="ref"}

![X‐ray crystal structure of complex **8**. Thermal ellipsoids are set at 50 % probability. Water crystallization molecule is omitted for clarity. Selected distances: Fe−Fe 2.4967(8), Fe−S average 2.263±0.005, Fe−CO average 1.799±0.013 Å.](CSSC-11-209-g002){#cssc201701757-fig-0002}

Cyclic voltammetry studies in homogeneous solution {#cssc201701757-sec-0004}
--------------------------------------------------

Voltammetric studies of complex **7**, the diester analog of the dicarboxylic acid **8**, are described first to understand the main electrochemical properties of this class of substituted benzenedithiolate derivatives. Cyclic voltammograms of **7** in THF display one Nerstian reversible reduction at −1.33 V versus Fc/Fc^+^ (ferrocene/ferrocenium; Figure S5 in the Supporting Information). Application of the iso‐point method[63](#cssc201701757-bib-0063){ref-type="ref"} and bulk electrolysis at constant potential (−1.75 V vs. Fc/Fc^+^) indicate a two‐electron process (Figure S8). Interestingly, the reduction potential of **7** is about 75 mV higher than the parent unfunctionalized benzenedithiolate complex. This effect is attributed to the electron‐withdrawing character of the carbonyl substituent on the benzenedithiolate bridge.

The electrochemical behavior of **7** in THF in the presence of acid was investigated by adding various acids with different strengths whilst monitoring the reduction peak. When acetic acid (p*K* ~a~=23.5 in MeCN) or benzoic acid (p*K* ~a~=21.5 in MeCN) was added, the shape and position of the reductive peak did not change. In contrast, Figure [3](#cssc201701757-fig-0003){ref-type="fig"} shows the voltammetric response obtained when increasing amounts of chloroacetic acid (p*K* ~a~=18.8 in MeCN) were added, with the reductive peak shifting to less negative potentials while the current of the backward oxidative peak progressively decreases. This trend is consistent with protonation at the iron--iron bond. In agreement with this, the newly formed bridging hydride undergoes re‐oxidation around −0.45 V versus Fc/Fc^+^. The progressive anodic shifting of the peak potential when increasing aliquots of acid are added indicates that transfer of a proton is part of the electrochemical event. Peak potential analysis[64](#cssc201701757-bib-0064){ref-type="ref"} was applied to obtain information about the number of protons involved in this step, having already established that the reduction event is a two‐electron process, as the intensity of the reductive peak in the presence of acid is similar to that of the complex in absence of substrate (H^+^). This analysis relates the variation of the peak potential with the acid concentration \[Eq. (S1)\]. The data indicate a one‐proton event, as suggested by the 10.5 mV slope obtained (theoretical value=12.5 mV; Figure S9).

![Voltammetric response of a THF solution of **7** in the presence of increasing amounts of chloroacetic acid.](CSSC-11-209-g003){#cssc201701757-fig-0003}

Increasing the potential window to more reductive potentials results in the appearance of a catalytic proton reduction peak at around −2.05 V versus Fc/Fc^+^ (Figure S10). This event corresponds to the reduction of the previously generated bridging hydride and its subsequent protonation that is associated with hydrogen release. The catalytic mechanism for proton reduction follows an (E)ECEC mechanism, similar as for previously reported hexacarbonyl benzenedithiolate diiron complexes, suggesting that modification of the bridge does not significantly affect the electronic properties of the complex. Although **7** has a milder first reduction potential compared with the unfunctionalized benzenedithiolate derivative, both complexes show catalysis at very similar redox potentials. The milder first reduction potential of **7** could be relevant in aqueous media where the complex is expected to show catalysis at its first reduction potential.[22](#cssc201701757-bib-0022){ref-type="ref"}, [55](#cssc201701757-bib-0055){ref-type="ref"}, [57](#cssc201701757-bib-0057){ref-type="ref"}

The redox behavior of **8** in THF is rather peculiar, unique, and very different to that of **7**. When a small potential window is investigated---in the absence of external chloroacetic acid---the reductive scan displays a non‐reversible reduction wave at −1.31 V versus Fc/Fc^+^ (Figure [4](#cssc201701757-fig-0004){ref-type="fig"}, left). Interestingly, a re‐oxidation wave is also present around −0.45 V versus Fc/Fc^+^, consistent with the re‐oxidation of the bridging hydride, as observed for **7** in the presence of acid. The electrochemical process can be summarized as a two‐electron reduction followed by intramolecular protonation of the iron--iron bond by a carboxylic acid group present on the linker strap (Scheme [2](#cssc201701757-fig-5002){ref-type="fig"}, top half). This protonation step is relatively fast, as indicated by complete loss of reversibility at all scan rates. In comparison, about 16 equivalents of chloroacetic acid are needed to achieve full protonation of complex **7** in its doubly reduced state (Figure [3](#cssc201701757-fig-0003){ref-type="fig"}). This gives a rough estimation of the p*K* ~a1~ of the internal acid groups, which must be lower than that of chloroacetic acid.

![a) Voltammetric response for a THF solution of **8** at different scan speeds---in the absence of external chloroacetic acid---including only the first reduction event. b) Voltammetric response for a THF solution of **8** at different scan speeds---in the absence of external chloroacetic acid---including the second reduction and stoichiometric hydrogen evolution.](CSSC-11-209-g004){#cssc201701757-fig-0004}

![Summary of the processes involved during a voltammetric scan of a THF solution of **8**---in the absence of external chloroacetic acid---featuring the evolution of stoichiometric amounts of hydrogen.](CSSC-11-209-g011){#cssc201701757-fig-5002}

Figure [4](#cssc201701757-fig-0004){ref-type="fig"} (right) shows that when the scan window is increased to more reductive potentials, a second irreversible wave is observed at −2.05 V, at the potential where **7** displays proton reduction. After the two‐electron reduction event and intramolecular proton transfer, the bridging hydride formed is reduced at −2.05 V and a second proton from the linker is transferred to the iron--iron core, resulting in stoichiometric hydrogen evolution. The second proton transfer appears considerably slower than the first one, as the feature assigned to the re‐oxidation of the bridging hydride is still evident around −0.45 V, placing p*K* ~a2~, relative to the second proton transfer from acidic group on the linker, at values roughly comparable to or higher than that of chloroacetic acid. After hydrogen evolution, a mono‐reduced Fe^0^--Fe^I^ diiron species is generated with dicarboxylate functional side‐arms (\[**8**(COO)~2~\]^3−^). This species, overall tri‐anionic, can be mono‐oxidized at −1.30 V versus Fc/Fc^+^, resulting in a di‐anionic Fe^I^--Fe^I^ species, as indicated by the quasi‐reversible first reduction wave along the back‐oxidation trace. This wave is approximately half of the intensity of the forward first reduction of complex **8**. The processes described are depicted in Scheme [2](#cssc201701757-fig-5002){ref-type="fig"}. Next, we studied the electrochemistry of **8** in the presence of acid. Addition of increasing aliquots of chloroacetic acid confirms the presence of the catalytic wave at −2.05 V, consistent with hydrogen evolution (Figure S12); this is the same potential as where **7** displays catalysis. The carboxylic acid groups present on the linker of complex **8**, which act as proton relays, preorganizing the substrates (H^+^) for proton reduction. Proton preorganization around the catalyst is expected to have a clear effect on the performance of the catalyst. The next section briefly discusses the catalytic proton reduction rates for complexes **7** and **8** under identical conditions.

Foot‐of‐the‐wave analysis in organic solvent {#cssc201701757-sec-0005}
--------------------------------------------

Plateau currents, necessary to determine catalytic rates, were not experimentally reached. Foot‐of‐the‐wave analysis (FotW)[65](#cssc201701757-bib-0065){ref-type="ref"} was therefore performed to access the catalytic rate constants for **7** and **8**. The slopes of the curves thus obtained can be used to obtain the catalytic rate constants (*k* ~cat~) under defined conditions. Figure [5](#cssc201701757-fig-0005){ref-type="fig"} reveals the role of the internal (carboxylic acid) proton relays by a comparison of the FotW curves obtained for **7** and **8** under catalytic conditions. The curve for **7** presents a constant slope, indicating that the catalyst operates at the same rate from the catalytic onset potential (*ξ*=0) to the catalytic half‐wave potential (*ξ*=0.5). Substrate depletion or catalyst decomposition are not observed. The corresponding FotW curve for catalyst **8** instead shows a steep rise, followed by a second regime that is similar to that of **7**. This accelerating effect is attributed to the presence of the internal carboxylic acids, which are associated with a faster intramolecular proton transfer relative to the intermolecular protonation events involving the external acid. Furthermore, this apparent acceleration effect only occurs for a couple of turnovers (as indicated by *I* ~p~/*I* ~p~ ^0^≈5; according to the proposed (E)ECEC mechanism, one‐electron activation step and two electrons per catalytic cycle). When the internal acidic protons are depleted, **8** operates at similar rates as **7**. The FotW curve for **8** also gives some insights concerning catalyst decomposition, likely arising from the irreversible coordination of the carboxylate groups to the diiron core of the complex, as indicated by the decrease in the second slope for complex **8** around *ξ*=0.35. For each of the three slopes noted in Figure [5](#cssc201701757-fig-0005){ref-type="fig"}, the catalytic rate constant *k* ~cat~, summarized in Table [1](#cssc201701757-tbl-0001){ref-type="table-wrap"}, can be calculated. The catalytic performances of the two complexes are nearly identical. The main difference is the proton preorganization around **8**, which is responsible for the initial acceleration effect. The data suggest that during a catalytic cycle with intact carboxylic acid groups in **8**, only the first protonation happens intramolecularly from the acidic protons on the linker. The second one, associated with hydrogen evolution, likely involves proton transfer from the external acid in solution. This is indicated by the studies in the absence of acid, which suggest that the second protonation by the internal carboxylic acid is slow compared with the first proton transfer event. After the second catalytic cycle and depletion of the acidic protons on the linker, which cannot be quickly replenished by chloroacetic acid as this acid has similar or lower strength, **8** operates at similar rates to **7**. This indicates that a catalyst appended with proton relays that can be re‐protonated by an external acid at rates faster than catalytic rates could result in increased catalytic activity whilst keeping the overpotential unaffected.

![Foot‐of‐the‐wave curves for **7** and **8** for voltammograms recorded at 0.1 V s^−1^ in the presence of 64 equivalents of chloroacetic acid. FotW analysis is shown only for one scan rate for clarity reasons, but the slopes indicated are obtained from a dataset with six different scan rates.](CSSC-11-209-g005){#cssc201701757-fig-0005}

###### 

Summary of the relevant catalytic parameters for complexes **7** and **8** obtained by FotW analysis. TOF~max~ is calculated for 1 [m]{.smallcaps} concentration of substrate. The overpotential reported is valid under the assumption that the thermodynamic proton reduction potential of the acid used (chloroacetic acid) is equal in acetonitrile and THF.

  Parameter                                                Complex **7**   Complex **8**  
  ------------------------------------------------------- --------------- --------------- ------------
  *k* ~cat~ \[[m]{.smallcaps} ^−1^ s^−1^\]                  2.25×10^3^      3.25×10^5^     2.25×10^3^
  TOF~max~ \[s^−1^\]                                         4.5×10^3^       6.5×10^5^     4.5×10^3^
  catalytic *E* ${}_{1/2}$ potential \[V vs. Fc/Fc^+^\]        −1.93           −1.95         −1.93
  Overpotential \[V\]                                          0.66            0.68           0.66

Wiley‐VCH Verlag GmbH & Co. KGaA

Electrode preparation and catalyst immobilization {#cssc201701757-sec-0006}
-------------------------------------------------

Immobilization of the molecular catalyst **8** is performed on both commercially available glass‐coated FTO electrodes and on self‐fabricated high surface area FTO nanocrystals modified electrodes. The high surface area FTO electrodes were prepared by attachment of a layer of FTO nanocrystals to flat commercial glass‐coated FTO. A known amount of FTO nanocrystals, prepared according to a modified literature procedure,[60](#cssc201701757-bib-0060){ref-type="ref"} was suspended in formic acid and ground with a mortar and pestle for 15 min. After this, the solids were used to prepare a 30 mol % suspension in neat formic acid. This suspension was sonicated for 30 min whereafter it was used to spin‐coat clean FTO electrodes. The slides were then placed in a furnace oven; the temperature was increased to 500 °C over 3 h, the samples were kept at this temperature for 30 min and then allowed to cool to room temperature. SEM measurements of the high surface area FTO electrodes display a 10--30 nm homogeneous distribution of the particle size of the FTO nanocrystals (Figure S17). The particle size is consistent with the value calculated from the XRD data by using the Scherrer equation (Figure S19).

Immobilization of compound **8** was achieved by submerging the electrodes (after heat treatment at 120 °C for 30 min) in a 0.5 m[m]{.smallcaps} catalyst solution in THF overnight. Subsequently, the electrodes were thoroughly washed with THF to remove any unbound catalyst, dried with a stream of argon, and used directly for the measurements. Figure [6](#cssc201701757-fig-0006){ref-type="fig"} shows the attenuated total reflectance (ATR) FTIR spectrum of the functionalized electrodes displaying the characteristic signature of iron‐bound CO ligands (*ν*=2076, 2040, 2004 cm^−1^) and the organic carbonyl peaks (*ν*=1739 and 1641 cm^−1^)---only minor shifts are observed with respect to the parent compound **8** in THF solution. SEM pictures of the electrodes with and without catalysts do not show evident differences, indicating that the immobilization process does not change the FTO profile. Energy‐dispersive X‐ray (EDX) spectroscopy of the electrodes after functionalization with catalyst demonstrated homogeneous distributions of iron and sulfur in a 1:1 ratio, whereas such elements are absent in the unfunctionalized clean electrodes.

![IR spectrum of complex **8** in THF solution (black line) and ATR FTIR spectrum of **8** immobilized on nanocrystalline FTO‐coated electrode.](CSSC-11-209-g006){#cssc201701757-fig-0006}

Electrochemical measurements of modified electrodes {#cssc201701757-sec-0007}
---------------------------------------------------

It is anticipated that the redox behavior of the immobilized catalyst **8** will be comparable to the redox behavior of **7** in THF solution, as the acidic protons of the linker are absent upon chemisorption of the carboxylates to the metal oxide substrate (electrode). Two sets of data will be presented for catalyst **8** immobilized on electrodes; one on commercially available glass‐coated FTO, the other for modified electrodes coated with FTO nanocrystals. As shown in Figure [7](#cssc201701757-fig-0007){ref-type="fig"}, the voltammograms feature a wave at −1.35 V versus Fc/Fc^+^ consistent with the reversible two‐electron reduction of the diiron complex. Although the peak potential separation is larger than expected for a species immobilized on an electrode (around 0 V for a well‐behaved system with a relatively high heterogeneous rate of electron transfer *k* ~0~),[66](#cssc201701757-bib-0066){ref-type="ref"} a plot of the peak current versus scan rate shows a linear trend, which confirms the immobilization of **8** (Figures S13 and S14). From the slopes of these lines, the catalyst loading for the different types of electrodes were estimated to be on the order of 3.3×10^−12^±8.5×10^−14^ mol cm^−2^ for the flat FTO electrodes, in accordance with monolayer coverage of the electrode, whereas for the high surface area modified FTO nanocrystals coated electrodes the catalyst loading is about two orders of magnitude higher, reaching 5.3×10^−10^±9.2×10^−11^ mol cm^−2^.

![Voltammetric response of catalyst‐functionalized electrodes measured in THF with N(Bu)~4~PF~6~ as supporting electrolyte. a) Complex **8** immobilized on flat FTO. b) Complex **8** immobilized on nanocrystalline FTO‐coated electrodes.](CSSC-11-209-g007){#cssc201701757-fig-0007}

For comparison, in a different set of experiments, complex **4** was also immobilized on the modified electrodes. Rapid loss of the corresponding response in cyclic voltammetry indicates that this compound does not persist at the surface after only a few cycles, suggesting that a single anchoring group close to the redox active site does not result in proper immobilization on the electrode.

Electrolysis at constant potential in aqueous media {#cssc201701757-sec-0008}
---------------------------------------------------

The catalyst‐modified electrodes were examined for hydrogen evolution at pH 3.5 by using 50 m[m]{.smallcaps} sulfate buffer solution as electrolyte. This pH value has been chosen as a compromise between activity of the catalyst and limited background reaction from the FTO electrodes.

The bias potential applied for the electrolysis was −0.7 V versus NHE, sufficient to access the first reduction of the complex. The electrolysis cell employed was a two‐compartment cell; one containing the modified working electrode and a reference electrode, the other containing a platinum coil counter‐electrode, separated from the main compartment by a glass frit. The cell was connected to a GC set‐up to monitor hydrogen evolution with time. Visual inspection of the working modified electrodes under catalytic conditions revealed the formation of small hydrogen bubbles trapped at the electrode surface, particularly for the nano‐FTO material.[67](#cssc201701757-bib-0067){ref-type="ref"} Table [2](#cssc201701757-tbl-0002){ref-type="table-wrap"} summarizes the results for the two types of electrodes described together with their respective blank control measurements.

###### 

Summary of the results from electrolysis experiments coupled with GC of the headspace (50 m[m]{.smallcaps} NaHSO~4~ at pH 3.5 and −0.7 V bias potential vs. NHE) of complex **8** immobilized on modified FTO electrodes.

  Parameter                             **8**\@FTO                  **8**\@nanocrystalline FTO
  ------------------------------------- --------------------------- ----------------------------
  *Blank electrode*                                                  
  H~2~ evolved \[μL\]                   2.7                         5.9
  catalyst loading \[mol cm^−2^\]       3.33×10^−12^ ±8.5×10^−14^   5.29×10^−10^ ±9.2×10^−11^
  Current density \[mA cm^−2^\]         0.6                         1.6
  *Catalyst‐functionalized electrode*                               
  H~2~ evolved \[μL\]                   11.1                        29.2
  Faradaic efficiency \[%\]             95                          86
  TON                                   1.37×10^5^                  2.26×10^3^

Wiley‐VCH Verlag GmbH & Co. KGaA

The nanocrystalline FTO‐coated electrodes, having a higher surface area, accommodate about 160 times more catalyst than the flat FTO electrodes, leading to a current density of 1.6 mA cm^−2^ at 500 mV overpotential. Interestingly, they show about two orders of magnitude lower turnover numbers (TONs). This is tentatively attributed to fast depletion of protons around the catalyst.[68](#cssc201701757-bib-0068){ref-type="ref"} Slow diffusion of electrolyte owing to the intrinsic properties of the mesoporous substrate, associated with fast depletion of the protons, would increase the local pH around the catalyst, hampering catalyst stability and activity or causing leaching of the catalyst from the FTO surface. As observed during the deprotection of the methyl ester groups of complex **7** through traditional saponification methods, basic pH is incompatible with compound **8**. A similar conclusion can be drawn from the current density plots, Figure [8](#cssc201701757-fig-0008){ref-type="fig"}, where the relatively rapid drop in current density after a few seconds indicates depletion of substrates. After this initial phase, the current density continues to drop as a result of catalyst deactivation or catalyst leaching owing to hydrolysis of the chelating carboxylates from the metal oxide surface. Although the prepared electrodes are demonstrated to be competent in producing hydrogen, their stability under catalytic conditions remains an issue, as the electrodes are only stable for several minutes.

![Current density plot for complex **8** immobilized on nanocrystalline FTO‐coated electrode.](CSSC-11-209-g008){#cssc201701757-fig-0008}

FotW analysis was employed to deduce the catalytic rate for proton reduction in acidic aqueous environment for the immobilized catalyst on FTO electrodes. Consistent with the current density plot, it is noted that the catalytic response does not persist for several voltammetric scans. Nevertheless, this analysis for the immobilized complex **8** on flat FTO with a catalyst loading of 3.33×10^−12^ mol cm^−2^ reveals a catalytic constant *k* ~cat~ of 5.95×10^3^  [m]{.smallcaps} ^−1^ s^−1^. The calculated constant is in agreement with the one calculated for the same catalyst dissolved in organic solvents in the presence of weak acid, corroborating the presence of the molecular catalyst on the FTO surface. The information from the electrocatalytic data in organic solvent and acidic aqueous media is summarized in Figure [9](#cssc201701757-fig-0009){ref-type="fig"} in a comparative Tafel plot. This plot, although based on one measured data point (the inflection point), clearly demonstrates the advantage of immobilization, as switching from organic solvents to aqueous media results in approximately 160 mV lower overpotential and a four‐fold increase in catalyst activity.

![Comparative Tafel plot for (black) a THF solution of **8** in the presence of weak acid (chloroacetic acid) and for (red) **8** immobilized on flat FTO electrodes in aqueous media at pH 3.5. TOF~max~ is extrapolated for a 1 [m]{.smallcaps} substrate concentration.](CSSC-11-209-g009){#cssc201701757-fig-0009}

Conclusions {#cssc201701757-sec-0009}
===========

In this work, we have not only demonstrated the immobilization of diiron benzenedithiolate complexes on conductive FTO electrodes but also shown that FTO nanocrystals can be employed to effectively increase the surface area of this material. Furthermore, the prepared electrodes are able to perform hydrogen evolution from aqueous environments at mild overpotentials. The activity of the catalyst was evaluated both in the homogeneous phase and for the heterogenized system. From the studies in organic media, it is evident that proton relays around the catalyst can greatly improve the catalytic rates of the catalyst whereas studies of the immobilized catalyst reveal that the same catalyst can operate at lower overpotentials, yet with similar rates when in acidic aqueous media. These observations could pave the way for the development of a second‐generation catalyst equipped with proton relays. Such functional groups could induce important (side) effects, such as more favorable proton transfer from the "bulk" medium to the catalyst and faster electrolyte refreshing rates, functioning as a buffer. With this first generation of electrodes, high reaction rates and turnover numbers have been achieved, nevertheless the long‐term stability of the catalyst‐functionalized electrodes needs to be improved.

Experimental Section {#cssc201701757-sec-0010}
====================

General procedures {#cssc201701757-sec-0011}
------------------

All synthetic procedures were carried out under an argon atmosphere by using standard Schlenk techniques. All commercially available chemicals were used as received without further purification. Solvents used for synthesis were dried by the most suitable method, distilled, and degassed. Column chromatography was performed open to air using solvents as received. Other experimental details can be found in the Supporting Information.

Compound 5 {#cssc201701757-sec-0012}
----------

To a round‐bottom Schlenk flask containing dimethyl iminodiacetate hydrochloride (1.5 g, 7.9 mmol, 1 equiv), *N*‐Boc‐β‐alanine (1.72 g, 8.7 mmol, 1.1 equiv), HATU coupling agent (3.31 g, 8.7 mmol, 1.1 equiv), dry DMF (50 mL), and DIPEA (6.9 mL, 39.6 mmol, 5 equiv) were added and the mixture was stirred at room temperature overnight. The volatiles were removed under vacuum and the residue dissolved in ethyl acetate. The organic phase was washed with saturated NaHCO~3~ (3×50 mL), 0.5 [m]{.smallcaps} HCl (3×50 mL), and brine (50 mL). The organic layer was dried with MgSO~4~ and the solvent removed under vacuum to afford a red‐orange oil that was purified by column chromatography on silica gel with ethyl acetate. The product can be visualized on TLC by using ninhydrin stain solution. After the solvent was evaporated, a clear oil was obtained (2.51 g, 95.5 %). ^1^H NMR (CD~2~Cl~2~): *δ*=5.22 (br s, 1 H), 4.18 (s, 2 H), 4.17 (s, 2 H), 3.78 (s, 3 H), 3.74 (s, 3 H), 3.41 (q, *J=*6 Hz, 2 H), 2.52 (t, *J=*6 Hz, 2 H), 1.44 ppm (s, 9 H).

Compound 6 {#cssc201701757-sec-0013}
----------

Trifluoroacetic acid (TFA, 5 mL) was slowly added to a CH~2~Cl~2~ (20 mL) solution of **5** (2 g, 6.0 mmol). The solution was stirred at room temperature for 2 h, whereafter the volatiles were removed under vacuum to afford a pale‐yellow liquid. The residue was dissolved in a minimum amount of CH~2~Cl~2~ and toluene (150 mL) was added. All volatiles were removed under reduced pressure to afford a very hygroscopic off‐white solid in quantitative yield (2.0 g), which was used without further purification. ^1^H NMR (CD~3~CN): *δ*=7.40 (bs s, 1 H), 4.21 (s, 2 H), 4.15 (s, 2 H), 3.74 (s, 3 H), 3.70 (s, 3 H), 3.21 (t, *J=*6 Hz, 2 H), 3.19 ppm (t, *J=*6 Hz, 2 H).

Compound 7 {#cssc201701757-sec-0014}
----------

To an argon‐flushed round‐bottom Schlenk flask containing **4** (250 mg, 0,54 mmol, 1 equiv), **6** (242.5 mg, 0.70 mmol, 1.3 equiv), HATU coupling agent (266.3 mg, 0.7 mmol, 1.3 equiv), a 1:1 mixture of dry THF and dry acetonitrile (total 20 mL), and DIPEA (469 μL, 2.69 mmol, 5 equiv) were added and the mixture was stirred at room temperature. The reaction was monitored with TLC and considered finished after 30 min. The solvents were removed under vacuum and the residue dissolved in ethyl acetate (50 mL). The organic layer was washed with water (3×50 mL), saturated NaHCO~3~ (50 mL), 0.5 [m]{.smallcaps} HCl (50 mL), and brine (50 mL). The organic layer was dried with MgSO~4~, filtered, and the solvent removed under vacuum to afford a red solid, which was purified by column chromatography on silica gel with ethylacetate/NEt~3~ 99:1 to afford a red solid (312 mg, 83.3 % yield). ^1^H NMR (CD~2~Cl~2~): *δ*=7.26 (d, *J=*7.8 Hz, 1 H), 6.93 (d, *J=*7.8 Hz, 1 H), 6.90 (br t, *J=*6 Hz, 1 H), 6.74 (t, *J=*7.4 Hz, 1 H), 4.19 (s, 2 H), 4.17 (s, 2 H), 3.77 (s, 3 H), 3.74 (s, 3 H), 3.70 (q, *J=*6.0 Hz, 2 H), 2.64 ppm (t, *J=*6.0 Hz, 2 H); FTIR (THF): $\widetilde{\nu}$ =2075, 2038, 2003 cm^−1^; HR‐MS (CSI, pos.): *m*/*z* calcd for C~22~H~19~Fe~2~N~2~O~12~S~2~ (*M*+H^+^): 678.9077; found: 678.9086; calcd for C~22~H~19~Fe~2~N~2~NaO~12~S~2~ (*M*+Na^+^): 700.8899; found: 700.8902.

Compound 8 {#cssc201701757-sec-0015}
----------

To an argon‐flushed round‐bottom Schlenk flask containing compound **7** (260 mg, 0.37 mmol, 1 equiv) and trimethyltin hydroxide (676 mg, 3.7 mmol, 10 equiv), 1,2‐dichloroethane was added (10 mL) and the solution was heated at 80 °C for 3 h. After cooling the solution to room temperature, ethyl acetate was added and the organic phase was washed with 1 [m]{.smallcaps} HCl (3×50 mL) and brine (50 mL), dried with MgSO~4~, and the solvent removed under vacuum to afford an orange solid. The solid was dissolved in CH~2~Cl~2~ and precipitated by addition of hexanes (187 mg, 75 % yield). ^1^H NMR (CD~2~Cl~2~): *δ*=7.28 (d, *J=*7.8 Hz, 1 H), 7.02 (br t, *J=*6 Hz, 1 H), 6.91 (d, *J=*7.8 Hz, 1 H), 6.76 (t, *J=*7.4 Hz, 1 H), 4.23 (s, 2 H), 4.16 (s, 2 H), 3.71 (q, *J=*6.0 Hz, 2 H), 2.67 ppm (t, *J=*6.0 Hz, 2 H); FTIR (THF): $\widetilde{\nu}$ =2076, 2040, 2004, 1739, 1641 cm^−1^; HR‐MS (CSI, neg.): *m*/*z* calcd for C~20~H~13~Fe~2~N~2~O~12~S~2~ (*M*−H^+^): 648.8610; found: 648.8893.

FTO nanocrystals {#cssc201701757-sec-0016}
----------------

FTO nanocrystals were prepared according to a modified literature procedure.[60](#cssc201701757-bib-0060){ref-type="ref"} Tin tetrachloride (1.5 mL) was slowly added to a Teflon beaker containing water (30 mL). After stirring this solution for 5 min, HF (50 % solution in water, 0.5 mL) was added. Concentrated ammonia was added to the solution dropwise until a sol‐gel was obtained and the pH of the liquid became basic. The sol‐gel was dried at 100 °C in an oil‐bath overnight. The resulting solid was triturated in a mortar and calcined at 500 °C for 30 min. The powder obtained was further ground in a mortar. XRD powder diffraction: 2*θ*=26.5, 33.8, 37.8, 51.7, 54.6, and 55.5°. A lower indication of the crystallites particle size can be obtained from the Scherrer equation by measuring the width of the peaks at half‐height. The mean particle size is estimated to be around 6 nm.
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